The rate-limiting step of transcriptional activation in eukaryotes, and thus the critical point for gene regulation, is unknown. Combining biochemical analyses of the chromatin transition at the transcriptionally induced PHO5 promoter in yeast with modeling based on a small number of simple assumptions, we demonstrate that random removal and reformation of promoter nucleosomes can account for stochastic and kinetic properties of PHO5 expression. Our analysis suggests that the disassembly of promoter nucleosomes is rate limiting for PHO5 expression, and supports a model for the underlying mechanism of promoter chromatin remodeling, which appears to conserve a single nucleosome on the promoter at all times.
INTRODUCTION
The nucleosome serves as a general transcriptional repressor in eukaryotes; its repression is relieved by ''chromatin remodeling,'' which exposes promoter DNA for interaction with the transcription machinery (Workman and Kingston, 1998) . The PHO5 promoter of yeast has served as an important model to address the relation between chromatin structure and gene regulation. Early work, based on nuclease digestion, suggested the complete removal of histones from the transcriptionally active PHO5 promoter (Almer et al., 1986) . Later it was found by chromatin immunoprecipitation analysis (ChIP) that histones are still present at transcriptionally active promoters but in a posttranslationally modified state. The exposure of promoter DNA was reconciled with the retention of histones by the hypothesis of an altered nucleosome, whose modified structure would be conducive to transcription (Paranjape et al., 1994) . Biochemical analysis of chromatin-remodeling complexes lent support to this hypothesis (Cote et al., 1998; Schnitzler et al., 1998) . Upon reexamination of the PHO5 promoter by a number of quantitative methods, we have come to a different conclusion: Histones are neither completely removed nor fully retained on the activated promoter, and those that are retained are in the form of unaltered nucleosomes, indistinguishable from nucleosomes in the repressed state Boeger et al., 2004) .
The repressed PHO5 promoter contains nucleosomes in defined locations. Nucleosomes N-1 and N-2 encompass the TATA box and upstream activation sequence UASp2, respectively. A second regulatory sequence, UASp1, is exposed in the linker between nucleosomes N-2 and N-3 (Almer et al., 1986) . Activation of the PHO signaling pathway leads to dephosphorylation of the transcriptional activator Pho4p, which, in its dephosphorylated form, enters the nucleus and binds at both upstream activator sequences (Kaffman et al., 1994 (Kaffman et al., , 1998 Venter et al., 1994) . The subsequent remodeling of chromatin structure as well as transcriptional activation depend on Pho4p and both upstream activation sequences (Svaren and Horz, 1997) .
Our previous quantitative measurements, by topology and limit nuclease digestion analyses, revealed an average of 1.1 nucleosomes remaining in the transcriptionally activated state . These nucleosomes are apparently unaltered in structure and are distributed among the three original locations, with 0.6 occupying the transcription start site (N-1) and about 0.2 and 0.3 occupying the locations N-2 and N-3, respectively . The fractional occupancies contrast with the presumed capacity of all cells to remove nucleosomes from all three promoter positions. The contradiction is resolved by the proposal that promoter nucleosomes are continually removed and reformed in the activated state . Thus, activation may be viewed as a transformation of promoter chromatin from a static to a dynamic state. On this basis, a population of activated promoters will be heterogeneous and may best be described in statistical terms. The same conclusion has been reached by single cell expression analysis of promoter function (Raser and O'Shea, 2004) , and by accessibility analysis of single promoter templates in vivo (Jessen et al., 2006) .
The retention of 1.1 nucleosomes in the stationary activated state may be attributed entirely to a dynamic equilibrium of nucleosome disassembly and reassembly (''dynamic retention''). Alternatively, the remodeling mechanism may conserve one promoter nucleosome at all times (''stable retention''), which is slid between different nucleosome positions but never removed from the promoter. The possibility of stable nucleosome retention is suggested by recent biochemical and structural studies of the RSC chromatin-remodeling complex. RSC was seen to partially envelop a nucleosome, binding the histones and contacting the DNA through its Sth1p subunit near the dyad axis of the nucleosome (Y. Chaban, C. Ezeokonkwo, W.-H. Chung, R.D.K., B. Maier-Davis, Y. Lorch, and F.J. Asturias, unpublished data). Sth1p was shown to serve as an ATP-dependent translocase, drawing DNA into the nucleosome from the linker region on one side and ejecting it on the other, thus sliding the nucleosome along the DNA (Saha et al., 2002 (Saha et al., , 2005 . In the process, DNA becomes accessible to restriction enzymes only in the linker region, and not, as widely assumed, on the surface of the histone octamer (Saha et al., 2005) . Thus, RSC and its close relative SWI/ SNF expose the DNA of mononucleosomes, most likely due only to their ability to slide the histone octamer off the end of the DNA by about 50 base pairs (Flaus and Owen-Hughes, 2003; Kassabov et al., 2003; Saha et al., 2005) , as previously suggested (Jaskelioff et al., 2000) .
In the chromatin fiber, translocation of the nucleosome may continue past the end of the linker, unspooling the DNA from the neighboring nucleosome (Cairns, 2007) . We will refer to this mechanism as ''sliding-mediated nucleosome disassembly'' ( Figure 1A ). Such unspooling was previously shown to occur during passage through a nucleosome by processive enzymes, such as nucleases and polymerases (Lorch et al., 1987; Prunell and Kornberg, 1978) . The ability to slide a nucleosome partially off the end of the DNA indicates that RSC slides nucleosomes without the requirement for making contact with the linker DNA ahead of the nucleosome. The same ability may enable the RSC-nucleosome complex to invade a neighboring nucleosome during sliding. The chromatin-remodeling machine thus utilizes the nucleosome it binds, to remove another nucleosome. All promoter nucleosomes susceptible to disassembly may be removed, except for the one bound to the remodeling complex.
Here we present a model for the transcriptional activation of PHO5. The model demonstrates that the retention of promoter nucleosomes in the activated state affords a key to understanding the mechanism and regulatory significance of promoter chromatin remodeling. Our analysis bears out the expectation of a random process of nucleosome disassembly and reassembly that gradually tends toward equilibrium. It suggests that that removal of promoter nucleosomes is rate limiting for PHO5 expression, and that nucleosomes are retained at the induced promoter by two distinct mechanisms, illuminating the underlying mechanism of chromatin remodeling.
RESULTS
We describe the transcriptional activation of PHO5 as a random process, extending previous work of others (Peccoud and Ycart, 1995; Raser and O'Shea, 2004) . The abstract notion of switching between a transcriptionally competent and a noncompetent state (Peccoud and Ycart, 1995) is replaced by a model for the promoter chromatin transition, which reflects our current understanding of chromatin remodeling at PHO5. We specify the activation process by making the following premises and definitions.
Premises and Definitions
Premise 1: The promoter assumes either one of the eight nucleosome configurations E 0 ; .; E 7 defined in Figure 1B .
The cellular state with respect to PHO5 expression is represented by a triple x = ði; m; nÞ, where i refers to the nucleosome configuration E i , and m and n refer to the number of PHO5 mRNA and protein molecules, respectively.
For our analysis two random variables will be of interest: X, the number of nucleosomes lost, with mean value m X and variance s .; E 7 . The box represents the promoter, and dots indicate occupied nucleosome positions, with nucleosome positions N-1 (the core promoter), N-2, and N-3 at the top, middle, and bottom, respectively. Under repressing conditions, the promoter is found in nucleosome configuration E 0 with probability 1, but randomly jumps between configurations E i under activating conditions. Only configurations E i that lack a nucleosome in position N-1, i.e., i˛1; 5; 6; 7g f , are transcriptionally competent. Premise 2: The activation process evolves according to a time-homogenous Markov chain. Thus, the probability Pðx j ; t + hjx i ; tÞ of finding the cell in state x j at time t + h, given that the cell was in state x i at time t, is given by
for all h small enough such that the occurrence of more than one transition x i /x j between t and t + h is of negligible probability. It can be shown that the inverse of the ''propensity function'' x j;i for the transition x i /x j (Gillespie, 2007) gives the average time that the cell dwells in state x i before the transition (which is presumed to be rapid). For simplicity, we will refer to x j;i as the ''rate'' of reaction x i /x j .
The activation process encompasses the following reactions: Transitions from nucleosome configuration E i into configuration E j , which occur with rate g j; Equation (1) implies that the transition probability only depends on the current state x i and the final state x j and is the same for all time intervals h of equal length. The transition probability does not depend, therefore, on time itself or the sequence of transitions leading up to x i . A time-homogenous Markov chain is thus endowed with complete lack of memory. It can be proved that a process specified by (1) is the only process with this property (Feller, 1957) .
Premise 3: Nucleosome disassembly reactions are reversible under activating conditions. Premise 3 is a consequence of experimental measurements suggesting that m X is nonintegral , and that mutations in the Pho4p activation domain appear to gradually shift m X toward smaller values (McAndrew et al., 1998) . If premise 3 were incorrect, m X could assume only two values, 0 or an integer > 0. Premise 4: Removal of the core promoter nucleosome N-1 is required for transcriptional activation. Thus, 3 i = 0 for i = 0; 2; 3; 4, where i refers to the nucleosome configuration E i (Figure 1) . Consistent with Premise 4, nucleosomes at the start site of transcription inhibit the initiation of transcription in vitro (Lorch et al., 1987) , and transcriptional activation coincides with the removal of the core promoter nucleosome N-1 at PHO5 in vivo Reinke and Horz, 2003) .
Dynamic and Stable Nucleosome Retention
We begin our analysis by examining the effect of dynamic and stable nucleosome retention (E 7 disallowed) on the structural heterogeneity of promoter populations. The time evolution of the chromatin transition is given by a finite system of coupled ordinary differential equations derived from (1) and the laws of probability (Experimental Procedures, equation [7] ). We calculated m X and s 2 X from the solutions of these equations for stable and dynamic nucleosome retention, making the following simplifying assumptions that do not affect the conclusions of our analysis. First, all promoters are in configuration E 0 at t = 0. Second, disassembly and reassembly reactions remove and add nucleosomes one by one. Third, all nucleosome disassembly reactions occur with equal rate g d , and all reassembly reactions occur with equal rate g r . The ratio g d =g r is chosen so that m X = 1:9 .
As expected for a random process of nucleosome disassembly and reassembly, promoter populations become heterogeneous in X upon induction (Figure 2 ). In the case of dynamic nucleosome retention ( Figure 2G) , s 2 X is almost as high as the maximal value of s 2 X attained early in the activation process ( Figure 2C ). In the case of stable nucleosome retention (Figure 2H) , however, the promoter population becomes mostly, but not entirely, uniform in X at the end of the activation process ( Figure 2D ). The remaining heterogeneity in the stationary state results from the dynamic retention of 0.1 nucleosomes due to premise 3. Only in the absence of nucleosome reassembly does the promoter population become entirely uniform ( Figure 2B ). The predicted variance profile for stable nucleosome retention approaches the profile for dynamic retention as m X approaches 0. However, the two models predict distinct variance profiles over a range of values for m X %2 ( Figure 2 ). (For m X >2, the stable retention model is invalid. Only for m X close to 3, and thus for values much larger than the observed value of 1.9, does the variance profile for dynamic retention resemble the variance profile for stable retention at m X = 1:9). The models imply different values for the ratio g d =g r (Figure 2 , legend), which determines the stability of the stationary distribution of X with respect to perturbations in g d and g r , and which is therefore a critical parameter of the chain.
Measuring the Heterogeneity of Promoter Chromatin Structure
Distinguishing between the models of dynamic and stable nucleosome retention requires measuring the heterogeneity in X for different promoter populations of the activation process. Such measurements have not been attempted previously. We therefore propose an experimental approach to address this problem and demonstrate its feasibility.
To investigate PHO5 promoter chromatin heterogeneity and the approach to equilibrium, we employed a yeast strain whose PHO5 promoter was flanked by the recognition element of the site-specific R recombinase, and that expresses R under control of the inducible GAL1 promoter. We formed promoter chromatin circles bearing three nucleosomes in cells grown under repressing conditions by activating the GAL1 promoter, and then induced PHO5 expression by transfer of the cells into phosphate-free medium . Circles were extracted at various times and fractionated by gel filtration, according to the number of nucleosomes they carry. The center of the gel filtration profile shifted toward earlier eluting fractions, over the course of PHO5 activation (Figure 3 ), as expected because circles with the fewest nucleosomes and so, presumably, the largest contour length, should be the first to elute from the column . The gel filtration profile was narrowest before induction, indicating that the initial circle population was the most uniform. The profile increased in width early in the course of activation and then became narrower toward the end, as shown by calculation of the variance of the profile, s 2 GF (Figure 3 ). The changes in s 2 GF suggest a changing heterogeneity in the number of circle nucleosomes over the course of PHO5 activation.
Actual nucleosome loss from the circles was assessed by an increase in accessibility to digestion by restriction endonuclease Cla I, which cuts near the center of nucleosome N-2 (Figure 4 ). Cla I accessibility was measured for three fractions from each gel filtration profile and the gradient of accessibility over the entire profile was then determined by linear regression. Accessibility to Cla I (a Cla ) was uniformly low (near zero slope, a GF , of the accessibility plot X , the variance of nucleosome loss, for dynamic (A, C, E, and G) and stable (B, D, F, and H) retention of nucleosomes at different values of m X . Panels at the bottom show the chromatin transition topologies for both models of nucleosome retention. Nucleosome disassembly, reassembly, and sliding transitions are indicated by green, blue, and gray arrows, respectively. Time evolutions were calculated from solutions to the system of differential Equations (7) (Experimental Procedures). For (A), (C) , and (E), the ratio g d =g r is 2, 1.74, and 1.33, respectively. For (D) and (F) g d =g r equals 10, and 3.17, respectively. For (B), the ratio is not defined, since g r = 0.
in Figure 4 ) at time 0, before activation, as expected for a uniform population of circles, all bearing three promoter nucleosomes. At intermediate times, there was a gradient (steep slope, large negative value of a GF ) from higher accessibility in early eluting fractions to lower accessibility in later fractions, indicative of circles with fewer nucleosomes in earlier fractions and more nucleosomes in later fractions . At late times, the Cla I accessibility was nearly uniform again (smaller, though still non-zero, value of a GF ).
As a measure for the heterogeneity in X we calculated the variance, s 2 a , of the accessibility for each gel filtration profile from the relation s
where a i is the value from the accessibility plot of a Cla for the i th column fraction, f i is the fraction of all circles in the entire gel filtration profile in the i th column fraction, and m a h P i a i f i is the mean value of accessibility. The variance of Cla I accessibility is related to a GF and s Figure 5A ) shows a monotonic rise and asymptotic approach to a limiting value of approximately 0.8, as expected from our previous evidence for about 0.2 nucleosomes remaining at N-2 in the fully active state . The time evolution of s 2 a ( Figure 5B ) is noteworthy in three respects. First, the marked rise in s 2 a at intermediate times indicates the development of a heterogeneous circle population, as expected for a random process of nucleosome removal. Second, the remodeling process approaches a stable limit as PHO5 activity reaches a maximum after about 8 hr of induction (Barbaric et al., 2003) . Third, the time evolution of heterogeneity in X conforms with the expectation of stable rather than dynamic nucleosome retention. The structure of promoter chromatin in the stationary activated state is therefore heterogeneous in one respect but uniform in another: nucleosomes are distributed in a statistical manner among the locations N-1, N-2, and N-3, but every promoter possesses almost exactly one nucleosome. The alternative that active promoters contain varying numbers of nucleosomes, ranging from 0 to 3, with an average of one, as implied by the model of dynamic nucleosome retention, is excluded. Additional proof of this conclusion will have to await further progress in the isolation of defined chromatin domains for their analysis by electron microscopy .
Fitting the time evolution of s 2 X to the observed time evolution of heterogeneity in X allowed us to derive an estimate for g d . The About 20 attomol of promoter circles from column fractions 6 and 9 (0 hr after induction) or fractions 6, 9, and 12 (2.5, 5, 8, and 11 hr after induction) were digested in 300 ml with 20 and 60 u of Cla I for 30 min at 37 C. Circle DNA was extracted, digested to completion with Hpa II, separated in a 2% agarose gel, blotted, and hybridized with the radioactively labeled DNA probe indicated in the promoter diagram at the bottom of the figure (gray ovals represent nucleosome core particles; black, gray, and white dots represent UASp1, UASp2, and the TATA box, respectively). Primary data for fractions 6 and 9 are shown on the right. The lower and upper bands represent circles cut and not cut by Cla I. The fraction of circles cut, a Cla , is indicated as a percentage beneath each lane. The mean of a Cla at 20 and 60 u of Cla I was plotted against the column fraction number i = 4, ., 14 (upper left). Cla I accessibility gradients were determined by linear regression. rate for nucleosome reassembly is then determined by the stationary mean value of nucleosome loss m X = 1:9. The fit can be further improved by assuming that removal of the first nucleosome stimulates removal of the second nucleosome (Figure 5C ), which might be because an additional activator binding site, UASp2, becomes available for activator binding upon removal of nucleosome N-2 (Figure 4) , and because of the processivity of the disassembly mechanism. We note that g d <1 h
À1 . The half-life of the PHO5 transcript, t 0:5 , is about 5 min (Vogelauer et al., 2000) . Assuming a steady state level of 12 mRNA molecules per cell in a transcriptionally competent promoter state, the rate of transcription is given by 3 = ðlnð2Þ=t 0:5 Þ,12 = 100 h À1 , thus g d <<3. This conclusion suggests that nucleosome disassembly is rate limiting for PHO5 expression.
The Noise of Expression and the Rate-Limiting
Step of Transcriptional Activation The PHO signaling pathway, which regulates PHO5 expression, must affect the rate-limiting transition of the activation process. We therefore calculated the effect of decreasing rates g d and 3 i on the stationary (intrinsic) noise strength of expression, n N h s 2 N = m N , which has previously been measured at different activity levels of the PHO signaling pathway. The stationary noise strength was seen to increase about 4-fold with decreasing PHO signaling activity (Raser and O'Shea, 2004) . For simplicity, we assumed that 3 i = 3 for i = 1; 5; 6. Figure 6 shows that n N increases with decreasing g d , but not with decreasing 3. This suggests that the PHO signaling pathway regulates the rate of nucleosome disassembly rather than the rate of transcription and, therefore, that nucleosome disassembly is rate limiting for PHO5 expression ðg d <<3Þ, consistent with the analysis of the chromatin transition. The noise strength profile of Figure 6D , which closely resembles the experimental results (Raser and O'Shea, 2004) , is a function of the random switching of the promoter between transcriptionally competent and noncompetent states, and thus of the dynamics of nucleosome removal and reformation. This contrasts with previous suggestions of complete (irreversible) removal of promoter nucleosomes upon transcriptional activation of PHO5 (Almer et al., 1986; Reinke and Horz, 2003) .
We used stochastic simulations to predict, on the basis of our model, the kinetics of Pho5p production, employing the rates of nucleosome disassembly and reassembly derived from our analysis of the promoter chromatin transition ( Figure 7C ). We note that the result closely agrees with previous experimental measurements (Barbaric et al., 2003) . The kinetics of the chromatin transition determines the kinetics of gene expression.
DISCUSSION
The gene-expression model presented here links transcriptional behavior to the dynamics of promoter chromatin structure. The model is characterized by the following assumptions: The transcriptional activation process evolves as a time-homogenous Markov chain tending toward equilibrium. The slow chromatin transition reflects low transition probabilities between nucleosome configurations E i (Figure 1 ) rather than the slow unfolding of nucleosomes, consistent with the apparent lack of stable intermediates of the disassembly reaction . Nucleosome disassembly is the rate-limiting step of the activation process. Therefore, histone modifications that play a critical gene regulatory role at PHO5 must ultimately control nucleosome stability (see below). Nucleosomes are retained by reassembly, and as a consequence of stable nucleosome retention, consistent with a mechanism of sliding-mediated nucleosome disassembly (Cairns, 2007) .
We showed that the model correctly predicted experimentally testable properties of the process, such as the time evolution of structural promoter heterogeneity, the intrinsic stationary noise strength of expression as a function of PHO signaling activity, and the kinetics of protein production. The behavior of the activation process is essentially recaptured by a small number of simple assumptions about the chemical nature of the process.
At least some of our assumptions are simplifying assumptions that can only be approximately correct. Thus, we assumed that the activation process is homogenous in time (premise 2), which means that concentrations and activities of the factors that govern the process, like Pho4p and the remodeling factors it may recruit, remain constant. This does not take into account that Pho4p becomes fully active only after depletion of intracellular phosphate stores (Thomas and O'Shea, 2005) . However, Pho4p is concentrated in the nucleus shortly after transfer of cells into phosphate-free medium (Thomas and O'Shea, 2005) , and cells that lack the ability to store phosphate still require 8 hr or more in phosphate-free medium to fully express PHO5 (Thomas and O'Shea, 2005) , suggesting that the kinetics of chromatin remodeling are mostly determined by rate constants pertaining to the remodeling process, rather than to the signaling pathway that precedes it. (C) The variance in X at time t, s 2 X ðtÞ, was calculated from the solution to Equation (7) (Experimental Procedures) and plotted against time. Calculations were based on the chromatin transition topology of Figure 2B with g j;0 = 0:2 h À1 for j˛1; 2; 3g f , g j;i = 2,g j;0 for all ðj; iÞ with i˛1; 2; 3g f and j˛4; 5; 6g f , g 0;i = 0:1,g j;0 for i˛1; 2; 3g f , g j;i = 0:2,g j;0 for all ðj; iÞ with i˛4; 5; 6g f and j˛1; 2; 3g f , and g j;i = 2,g j;0 for all sliding transitions.
It may be asked whether the structural heterogeneity observed at the chromatin level reflects the amplification of stochastic events due to positive or negative feedback at the level of the PHO signaling pathway (Wykoff et al., 2007) . The different kinetics of PHO signaling and chromatin remodeling argue against Graphs in the upper panels show the time evolution of protein (blue) and mRNA (green). The pertaining chromatin transitions are indicated in the panels below. The function t equals 1 if the promoter is in either one of the three transcriptionally competent nucleosome configurations E 1 (yellow), E 5 (blue), E 6 (green), and is 0 otherwise. Monte Carlo simulations were performed using Gillespie's algorithm (Gillespie, 1976) . (B) Time evolution of the mean number of Pho5p molecules, m N , and the intrinsic noise strength of Pho5p expression, n N . Statistics were derived from 1000 simulations. Chromatin transition rates g j;i are given in the legend to Figure 5C . All other rates are as indicated in the legend to Figure 6 . this possibility; and the use of phosphate-free medium to induce nucleosome disassembly (see above), rendered the positive and negative feedback loops of the PHO signaling pathway inoperative due to the cell's inability to import phosphate (Wykoff et al., 2007) . Likewise, the uniformity in X reached at the end of the activation process cannot be attributed to properties of the signaling pathway either, since promoter circles isolated from pho80D cells that express PHO5 in the absence of PHO signaling are also uniform in X, as indicated by a near zero value for a GF . Nonetheless, an important test of the model presented here will be to measure the noise of expression and the variance of nucleosome loss in PHO4 mutants in the absence of PHO signaling.
Sliding-mediated nucleosome disassembly is supported by our findings due only to its heuristic qualities. The idea resolves the conundrum of how to mechanistically account for the stable retention of one promoter nucleosome while nucleosome removal occurs at all promoter positions. The proposed mechanism may be directly tested by single molecule analysis. Previous experiments using optical tweezers have addressed the effect of RSC activity on the length of chromatin templates at very low nucleosome densities to exclude nucleosome interactions (Zhang et al., 2006) . Such interactions, however, would be likely at physiological nucleosome densities, and in this case sudden increases in the length of the stretched template are expected with every nucleosome that RSC removes from the template. By pulling at the DNA with forces strong enough to unwrap DNA from the histone octamer, the optical tweezer allows for counting the remaining nucleosomes at the end of the remodeling process. In the case of sliding-mediated nucleosome disassembly one nucleosome would always remain. RSC has been found to catalyze the removal of nucleosomes from linear DNA in the presence of the histone-binding protein Nap1p (Lorch et al., 2006) . As removal may have involved sliding of the nucleosome beyond the end of the DNA, the experiments should be repeated on circular DNA bearing one nucleosome only.
Since nucleosome sliding is a processive reaction, the notion of nucleosome disassembly by sliding raises in particular the question of how the cell limits the extent of remodeling processes. At the chromosomal PHO5 locus nucleosome removal is restricted to four promoter nucleosomes (including the three incorporated in the circles studied here, and a fourth, N-4, upstream of N-3) (Almer et al., 1986) . Nucleosomes within the promoter region must somehow be rendered susceptible to disassembly, whereas nucleosomes at the boundaries of the promoter are not. Indeed, nucleosomes at promoters and DNase I ''hypersensitive'' sites are generally enriched for acetylated histones and the histone variant H2A.Z (Birney et al., 2007; Kurdistani and Grunstein, 2003; Zhang et al., 2005) , and genetic and biochemical evidence suggests a functional connection between histone marks and chromatin-remodeling complexes (Chandy et al., 2006; Corona et al., 2002; Ferreira et al., 2007; Hassan et al., 2001; Pollard and Peterson, 1998) . Certain histone marks and histone variants may poise nucleosomes for disassembly, or may be recognized by acceptor proteins that are required for complete unspooling of nucleosomal DNA and release of the histone octamer ( Figure 1A) . A possible requirement for auxiliary factors in nucleosome disassembly is consistent with the observation that SWI/SNF alone is insufficient to remove nucleosomes from circular DNA molecules (Jaskelioff et al., 2000) . Nucleosomes containing histone H2A.Z are less stable (Jin and Felsenfeld, 2007; Zhang et al., 2005) , and it has been reported that the histone-binding protein Asf1p is required for nucleosome removal from the PHO5 promoter (Adkins et al., 2004) . Histones H3 and H4 associated with Asf1p are preferentially acetylated at some residues (Tyler et al., 1999) , and histone acetylation appears to play a role in chromatin remodeling at the PHO5 promoter. The sequence-specific transcription factor Pho2p recruits the histone acetyltransferase Esa1p to the PHO5 promoter. Absence of Esa1p function causes loss of histone H4 acetylation marks from PHO5 promoter nucleosomes and results in PHO5 activation defects (Nourani et al., 2004) . The histone acetyltransferase Gcn5p acetylates PHO5 promoter nucleosomes (Vogelauer et al., 2000) , and in pho80D cells, in which PHO5 is constitutively expressed, the gene is inactive in the absence of Gcn5p (Gregory et al., 1998) . The inactive promoter retains all its nucleosomes, but they are randomly positioned Gregory et al., 1998) , which may be explained by the recruitment of a remodeling complex in the pho80D context and consequent sliding of nucleosomes, but a failure to release the histones for lack of acetylation.
Since sliding-mediated nucleosome disassembly is directional, nucleosomes at the boundaries of the remodeled region would only be removed in one direction, whereas those in the middle would be removed by sliding both ways, which would increase the level of nucleosomes at the boundaries relative to the middle. This may explain the symmetrical distribution of promoter nucleosomes in the stationary-activated state, with higher levels of nucleosomes at the ends (positions N-1 and N-4) than in the middle (Almer et al., 1986) . This discussion shows that conservation of one nucleosome at all times is not necessarily limited to the topologically closed promoter circle, but may equally apply to chromosomal domains. Indeed, promoter circles when formed from the activated chromosomal locus in the stationary state are again nearly uniform in X , suggesting that the chromosomal promoter, like the promoter circle, is closed with respect to nucleosome sliding.
Similar to PHO5, other promoters may randomly switch between a transcriptionally competent and noncompetent states (Bar-Even et al., 2006) , resulting in burst-like transcription (Raj et al., 2006) . The molecular basis of this behavior, however, is unknown. The coexistence of nucleosomal and nucleosome-free states of the core promoter within a population of cells has been directly demonstrated for PHO5 . It will have to be seen whether the statistical interpretation of chromatin remodeling enforced by the structural analysis of the PHO5 chromatin transition holds for other promoters, and whether the dynamics of nucleosome removal and reformation are slow in comparison with the rate of transcription. Dion et al. (2007) have estimated rates for histone exchange genome-wide based on a Markovian model. Although this model did not take into account the possibility of a nucleosome-free state, thus confounding rates of nucleosome disassembly and reassembly, and although the rates may have been affected by nonspecific association of histones with chromatin, due to overexpression of the histones in G1 (Rufiange et al., 2007) , the analysis indicated that the average rate for exchange of histone H3 at promoters may be smaller than 1 h À1 (Dion et al., 2007) . This suggests that the chromatin dynamics at other promoters, but not necessarily all of them, entail, similar to PHO5, the random and reversible disassembly of nucleosomes with rates much smaller than the expected rates of transcription. The frequent initiation of transcription at promoters stronger than PHO5 may entirely prevent the reformation of nucleosomes, either by sliding or reassembly. In this case, the noise of gene expression due to nucleosome dynamics eventually disappears.
EXPERIMENTAL PROCEDURES Biochemical Manipulations
Five liters of 2xSCR medium lacking leucine were inoculated with a preculture of yM3.2 cells transformed with the recombinase plasmid pB3.1 , and cultivated overnight at 30 C to a density of 4,10 7 cells/ml. Expression of R recombinase was induced by adding 500 ml of 20% D-galactose to the culture, followed by an additional 90 min of incubation at 30 C. Cells from 1 l of culture were pelleted, washed with water, and frozen in liquid nitrogen as previously described . The remaining cells were pelleted, washed in water, and resuspended in 12 l of SCD medium lacking orthophosphate. Three liters of cells were removed after 2.5, 5, 8, and 11 hr of incubation at 30 C in a 13 l fermenter with regulated oxygen supply, washed in water, and frozen in liquid nitrogen. The frozen cells were ground with dry ice in liquid nitrogen using a Warring blender . Ground cells were resuspended in 4 ml/g of buffer EX (25 mM HEPES$KOH pH 7.4, 200 mM potassium acetate, 2 mM EDTA, 10% glycerol, 0.125 mM spermidine, 0.05 mM spermine, 5 mM 2-mercaptoethanol, 330 mg/l benzamidine. 170 mg/l phenylmethylsulfonyl fluoride, 1.37 mg/l pepstatin A, 0.284 mg/l leupeptin) and centrifuged for 1 hr at 4 C in a Ti45 rotor at 25,000 rpm. The supernatant was centrifuged for 3 hr at 4 C in a Ti70 rotor at 60,000 rpm. Pellets were rinsed three times with 1 ml of EX buffer and resuspended in RSP buffer (as buffer EX, however containing 100 mM potassium acetate, and 1 mM EDTA) to one-tenth of the original volume. Of this resuspension, 500 ml were fractionated by gel filtration on a TSK4000SW column (TosoH Bioscience), which was equilibrated, prior to the fractionation, with buffer GF (25 mM HEPES$KOH at pH 7.1, 100 mM potassium acetate, 2 mM EDTA, 5% glycerol, 0.125 mM spermidine, 0.05 mM spermine, 5 mM 2-mercaptoethanol). We collected 500 ml fractions at a flow rate of 0.4 ml/min using buffer GF. Circle DNA was extracted from 100 ml of each fraction and digested with NcoI, and 0.66 volumes of the digested DNA were used for agarose gel electrophoresis. After electrophoresis, the DNA was blotted onto a nylon membrane and hybridized with a promoter-specific 32 P-labeled DNA probe. For accessibility assays, we digested 20 attomol of chromatin circle in 150 ml of buffer GF plus 150 ml of buffer CA (20 mM HEPES$KOH at pH 7.5, 23 mM MgCl 2 , 0.1 mg/ml BSA, 10 mM 2-mercaptoethanol), with 20 and 60 units of ClaI for 30 min at 37 C. Digests were stopped by addition of 2 ml 2M Tris at pH 7.5 and 8 ml 0.5 M EDTA, treated with RNase A, proteinase K, extracted with phenol and chloroform, and precipitated by adding glycogen, NaCl, and ethanol. The isolated circle DNA was digested with HpaII, fractionated by agarose gel electrophoresis, blotted, and hybridized with a circle-specific DNA probe (Figure 2 ).
Calculations
The probability of finding the cell in state ði; m; nÞ at time t is given by P i;m;n ðtÞ. The time evolution of P i;m;n ðtÞ follows from the time-homogenous Markov assumption (1) and the laws of probability: 
Note that G i ð1; 1; tÞhp i ðtÞ is the probability of finding the promoter in state E i at time t. We set pðtÞhðp 0 ðtÞ; .; p 7 ðtÞÞ T . Obviously kpðtÞk 1 = 1 for all t, where kpðtÞk 1 h P i˛S p i ðtÞ is the 1-norm of p ðtÞ. The time evolution of the chromatin transition is determined by G; from (6) follows dp dt ðtÞ = GpðtÞ; and hence pðtÞ = expðtGÞpð0Þ:
We assume pð0Þ = ð1; 0; .; 0Þ. We define the generating function G : ½0; 
The mean values and variances of mRNA and protein molecules can be derived from G according to (Feller, 1957) , where m M ðtÞ is the mean value of mRNA molecules, m N ðtÞ is the mean number of protein molecules, s 2 M ðtÞ is the variance of mRNA molecules, and s 2 N ðtÞ is the variance of protein molecules at time t. The Stationary Case As the master equation, the system of Equation (5) determines the model completely. However, this system, although finite, is not easily solvable (if at all). In this case, predictions can be made using Gillespie's stochastic simulation algorithm (Gillespie, 1976) . On the other hand, the problem of finding mean values and variances for the stationary distribution (P i;m;n ðtÞ = p i;m;n˛½ 0; 1 for all t, i, m, n) can be reduced to a problem in linear algebra (Thattai and van Oudenaarden, 2001) , as shown below. By partial differentiation of (6), we obtain two additional equations: 
If there is a stationary distribution ðp i;m;n Þ, it is uniquely determined and lim t/N P i;m;n ðtÞ = p i;m;n for all i, m, n (Grimmett and Stirzaker, 2001 Gð1; 1; tÞhp exist, and by taking the limit for t/N, we obtain from (7), (10), and (11) the set of linear equations
where Id is the identity matrix. The stationary mean values m M and m N for mRNA and protein, respectively, can be derived from the solution to (12), since kvk 1 = m M , and kwk 1 = m N , according to (9). Further partial differentiation of (10) and (11) with respect to y and z, and taking the limit for t/N gives ð2dId À GÞr = 2Ev ð2zId À GÞs = 2hu ½ðd + zÞId À Gu = hv + hr + Ew; 
Thus the stationary probabilities of nucleosome configurations E i , and the stationary mean values and variances of the gene products can be deduced by solving Gp = 0 ðdId À GÞv = Ep ðzId À GÞw = hv ð2dId À GÞr = 2Ev ½ðd + zÞId À G½2zId À Gs = 2hEw + 2h 2 v + 2h 2 r:
Equation systems (7) and (15) were solved numerically using Mathematica. Solutions were transferred into Excel for graphical representation. Monte Carlo simulations were performed in Mathematica (Wolfram Research) using Gillespie's algorithm (Gillespie, 1976) .
